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ABSTRACT 

We formulate a simple model for the final state interaction with an 

intermediate {, in deuteron break- up induced by medium energy hadrons 

and we test its prediction . The result is in very poor agreement with 

data if the intermediate {, has its real width and it beCOMes comparable 

"ith data, for small width f"'lO MeV. This is explained by the strong 

coupling of the decay meson to the spectator nucleon, which provides the 

Born term for our transition amplitude. Although data and theory are 

ln a rather primitive stage to determine the Ml scattering length, 

we see that the effect is sensitive to this fundamental quantity. 

I Supported ln part by INFN, Sezione di Trieste 



1 . - INTRODUCTION 

It is a well kno,m experimental fact that the high momentum part 

of the spectator distribution in deuteron break- up induced by high energy 

hadrons, cannot be described by the spectator model. The disagreement 

seems to derive from a strong final state interaction of the two nucleon , 

which form a virtual liN state . This idea ;ras first suggested by the 

Dubna-Warsaw Collaboration 1) (Aladashvi l i et al. 1975) , ;rho examined 

the high momentum tail of the spectator for the reaction pD 7 pnp In 

the charge preserving and charge- exchange sector; the large differ ence 

bet"een the two sectors led them to the above hypothesis . He 2) have 

recently studied the channel dependence of the effect, for other 10 

reactions and we found that various ordinary multiple scatter ing 

diagrams were not able to reproduce the data : assuming the presence of 

a liN virtual st",te in the nucleon- nucleon final state interaction , "e 

could reproduce ~ual itatively the channel dependence of the effect . Here 

we develop further this idea, constructing a simple model: this model is 

based on the calculation of the diagram of Fig . 1. The diagrammatic 

techni~ue to study rescattering processes was proposed long time ago and 

it was applied (Shapiro) with great success by his collaborators . As 

often stressed in the literature it boils down to Hatson multiple scattering 

theory, if the spectator nucleons are taken on the mass shell; but it 

has the advantage to be originally r elativist i c , and it can describe easily 

exotic process , like the one we study here . 

In Sect . 2 we calculate explicitly the diagram of Fig . 1 , neglecting 

the dependence on the internal variables of a l l vertices , but for the 

deuteron , on the account that this dependence is the most dramatic one . 

We calculate also the liN 7 NN inelastic amplitude , us i ng a 2- channel 

K- matrix approach and the rrNIl vertex, using the Rarita- Schwinger spinor 

for the II . 

In Sect. 3 we calculate the 3 body phase space In terms of the varIOUS 

kinematic variables we are interested. 

Finally in Sect . 4 we discuss the detailed predictions of the model 

for various experimental data . 

We conclude in Sect. 5 discussing other possible approaches . 
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2 . - FORMULATION OF THE MODEL 

The diagr am of Fig. I can be written down uS1ng Feynman rules 

(Bjorken and Drell) 

2 2..,. A 2 

4 
T = _ 1_ 4 

(21T) J<1 f, 
G(f,)Tl((M- f,o) ,(E- f,o) I fl , 1l0)T2((E- f,0) ,E, cose ) 

2 2 2 2 2 2 2 -+..,. 2 2 (2.1) 
(f,o - f, - m +iE)((M-f,o) -f, - m +iE)((E- f,o) - (ll- f,) - m +i s ) 

tl 

where M is the deuteron mass and m ,mll are the nucleon and the delta 

mass: E is the total energy of the final two nucleons and e their C.M. 
..,. 

angle: (ll , llo) is the momentum transfer and G is the deuteron vertex 

function . Expressing G through the non relativistic deuteron wave function 

(Bertocchi and Capella , Alberi et al . 1972) and reducing the lower 

internal line to the mass shell we get 

1T 
T = ---'- (2.2) 

Neglecting the off- mass shell dependence of Tl and T2 we can perform 

the integration , provided we choose for ljJ (f,) a form of the Hulthen type 

(Hulthen and Sugawara) ; we can also take in account that the II is an 

unstable partic l e and sUbstitute to mll , mll-ir/2 where r is its measured 

width . 
2 

Taki ng a pole wave function , for the deuteron, and neglecting r /4 

compared to 2 ffill' we get 

where 

1T 
T = --''-".4 

(21T) 

y(x) II = ---z-
11T 

(2.3) 
m II 
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a . The triangular graph. 

Using the non relativistic approximation for the propagator (Shapiro) 

one gets 

2 

Y(X) 
2/:, 

J 
~ d~ dcose ' 

= --2 
+ X2 i1l ~ 

The angular integration 1S easily done , taking as z ax1S the direction 
+ of /:, 

where 

1 y(X) = 
111 foo ~ d ~ ln 
o~ 

(~- /:,!2)2 _E, 2_ifmA!2 

(~+/:'!2)2 _ E , 2 _i fDl/:,!2 

and E is the C.M. momentum of the two final nucleons. The use of standard 

complex plane integration method leads to the closed form 

y( X) = (2 . 4) 

b. K-matrix for malism . 

Being the energy of the two final nucleons , reasonably low , because 

of the cut off 1n t = _/:,2 +/:,& , we expect that only the /:,N channel is open : 

furthermore since we are close to the /:,N threshold , we expect the S wave 

to be dominant in that channel. Being the isospin 1 and the parity even , 

the nucleons have to be in a spin singlet state because of Pauli principle , 

therefore their only possible orbital angular momentum is 2 . This is an 

ideal situation for applying the multichannel K- matrix formalism (Ross 

and Shaw) . In their approach the T-matrix is expanded in spherical 

harmonics 
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(K ) 
f 

<JM I ~f ,M- v~;Sf' vf > <JMl Ri ' M-v. ;8. v . > X 
.L 1 1 1 

1S the spin of the channel) 

(2 . 5) 

(8. f 
1, 

where q~ is a diagonal operator , where matrix elements have exactly that 

form with q the C.M. momentum of the channel and ~ its orbital angular 

momentum. The M operator is closely related to the K-matrix (Pilkuhn 1967) 

'1 ~ K- l ~ ,. = q q (2 . 6) 

In our case there are only 2 channels; channel (1) is NN in the state 

£1 = 2, 51 = ° and channel (2) is fu~ for £2 = 0 , 8 2 = 2 . The tranoition 

matrix element IS 

where 

M .. = 
1J 

1 + -21 B .. q~ 6 .. 
A. . 1J 1 1J 

1J 

2 
( - ) q l MI2 

(2 .7 ) 

(2 .8) 

in the effective range approximation. While for the channel (2) this 

approximation is justified, being q2 ~ 0, for the channel (1) it is meant, 

only as 2° order polinomial approximation for the function qr cot 62 in 

the region of interest. 

c . 8pin analysis. 

To calculate the cross section, we have to average on the sp1n state 

of the deuteron and sum on the orbital angular momentum states of the final 

nucleons 



d a 
d cosS 

1 
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- 7 -

+1 +2 

I L (2 . 9) 
M~-l M' =- 2 

Ivs ' s <lMI~ s~ ~ sz> <3/2 Sz 
z z 

~ s 12M' > z 
M' 2 

Y2 (cosS) I 

where Vs'S 1S the sp1n dependent part of Tl 
z z 

ii (S ) P G~ u(s ) 
l..! Z II mn Z 

where U and \l are Rarita-Schwinger and Dirac sp1nor 

momentum; S is th~ C.M. angle of the nucleon in the 

(2.10 ) 

and P 1S the nucleon 
)J 

final state: the spin 

notation is given in Fig. 2 . As stressed before, this ter~ depends slowly 

on the nucleon interval momentum and can be calculated for the value 

P = (O,m). This is close to the most probable value, according to the 
)J 

deuteron wave function. For this configuration the momentum of the inter-
->- .->-

mediate 8 is fixed and equal to the 3-momentum transfer 8 . Be1ng 8 along 

the z axis, the form of the Rarita- Schwinger spinors is very simple 

U 
)J 

(±3/2) = u (±~) 

(± ~) 
1 -

U = 73 u(+ 
)J 

because 

E (±l) 
)J 

; ) E (±l) 
/2 

+ 73 u 
)J 

1 E (0) = 
)J m8 

Therefore, only the matrix elements 

E (o)p (0) is different from zero. It is 
)J )J 

the angular distribution of the nucleons 

~ 

• 

(±n E (0) 

V+l +' -2 , -2 
easy to 

)J 

surVIve, because only 

calculate from (2.8) 



dol 
'\,-

dease ' 3 

Integrating on case one gets 

f d 0 

drl d case 
2 

'\, ~ Iv" I 
o " 
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(2.11) 

(2.12) 

which establishes the relation with the differential cross section for 6 

production on nucleon 

dol 
dt P 

(2 . 13) 

The index P means pseudoscalar . 

This relation becomes more complicated if Tj IS the sum of a 

pseudoscalar and a vector meson exchange (n+p). The pN6 vertex is , 

according to Jackson and Pilkuhm in the notation of Bjorken and Drell 

= U (s ) 
~ z 

..h 
m+n1tJ. 

6 Y ]Y 5U(S ' ) 
~ v z (2.14) 

Doing explicitly the matrix elements , we realize that W(1/2,±3/2)=O 

then the differential cross section for vector meson exchange is simply 

given by 

do I 2 2 
dt = I w" I +1 W, , I 

V 22 '-2 

on the other side the explicit calculation of (2.9) and the angular 

integration gives 

(drl do = ..l 
)' d cos 8 12 

1 
ev -

2 

2 1 IW, , I + -2 I H" I , - , 22 

dOl 
dt P+V 

1 
+ 3 

do I 
dt P 

+ 2-
6 

(2.15) 

(2 .16) 

Ih th another type of pN6 coupling , recently used by Joynson for studying 
++ 

the reaction pp~n6 

= G U (S ) €, (p +6 l(p - 6 ) u (s ) 
IJ Z I\vq.l V \) K K Z 

(2.17) 

8 

I 



one obtains 

I dn~ d cosS 
= 

as done ln the Appendix A. 

d. Isospin. 

5 
6" 
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(2.18) 

Analogously to the spin case, we fix the notation ln Fig. 3 and I'e 

write down the i sospin sum 

T(T ,T)'V 
Z Z L <001 ~ t ,h' > < h ' lT 13/2 T' > x z z z z z t ' T' 

z z 

which becomes for the case of charge exchange 

T(l,l) 'V AT < Ta T az 1 TIT 
Z C 

T 
cz 

> 

This expression can be easily connected when squared and spln averaged, 

to the differential cross section for the process 

2 
IT(l , l)1 

2 'V-
3 

do 
dt ++ 

+c6 

3. - REDUCTION OF THE PHASE SPACE 

++ ap + c6 

(2 .19) 

The use of relativistic invariance leads to a simple (Byckling and 

Kajantie) reduction of the 3- body phase 3pace for a 2+ 3 process (Fig. 4) 
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dO = 

= 

where ~ = 2/,(s m~,~i and, is the triangular function; n 1S the solid 

angle of one of the two nucleons in Lheir center of mass. For the other 

symbols , see Fig . 4. 

From energy-momentum conservation 

(.p - p ) 2 = (P
b 

- PI - P2) 2 
a c 

whi ch 1n the C.M . of the two nucleons becomes 

t = M2 + mt2 - 2 E m12 (3.2) 

t~at is a relation between the energy E of the deuteron 1n the C.M . of the 

two nucleons and t. 

From relativistic invariance we get 

(3 . 3) 

-> 
being p = (p so) and q the momentum of the nucleon in the rest system 

-5 S , -+ 

of the deuteron and in the C. M. of the nucleon pair respectively. P is 

the momentum of the deuteron 1n the latter system . 

Using the notation 

P 
x = ~1 

E 
Y = M 

we get from the above relation cosS as function of the nucleon momentum 

cosS = (3.4) 
xq 

10 
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Imposing that 

< 1 

we get the following inequality 

which gives the kinematical limits on y and x 

= 

/y~-l < x < /y2 -i 
+ 

Using equation (3.2) and (3.4) we write down the Jacobians 

Id COS
SI = Ps 

d Ps So 

where 

do 

dp 
s 

= 

1 

xq 

dt 
= 

dx 

M I dq2 

x = max (/y!-l , x(t )) 

and 

dx 
y 

dml2 

dq 

4 q 

= 

t± are limits of the Chew-Low plot (Byckling and Kajantie) 

= m2 +m2 - r( s +m2-M2Xs -mf2+m2) 
a c L ab a ab c 

The allowed region for q2 is given by the condition 

1 .. 
L 

x >x . 
+ -

(3 . 6) 
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4. - COMPARISON WITH EXPERIMENTAL DATA 

Tn this section we consider the prediction of the model for the two 

charge exchange reactions K+D -+ ~opp and pD -+ npp a nd compare them with 

exi sting experimental data . If we assume that the correspondi ng reactions 
+ ++ ++ 

K P -+ Ko x L\ and pp -+ nL\ occur through per i pheral meson exchange , the 

~-meson and vector meson exchanges are weighted in a different way in the 

two react i ons . Theref ore , one can in principle f ind useful i nfor mation 

about the coupling of vector mesons to the deuteron 
( + ) 

For the angular distribution of the protons in their center of mass 

a pure ~ -meson exchange glves a definite prediction , coming from (2.11) 

do 
d cose 

(4 .1) 

This prediction is independent from the specifi c form of the matrix 

element, which depends only on ID12 and t . The data of Poster et al . for the 
+ x . 

process K D -+Ko pp at 2 GeV/c are show1ng reasonable a[\reement with this 

simple prediction (Fig . 5). From the angul ar distribution of the decay 

products of KOx, one finds exper imentally that the ~-exchange is dominant 

(Buchner et al. and Giacomelli et al . ) and this feature is present also 
. ( ++ ) 

at h1gh momenta of the spectator . Therefor e we neglect for this 

reaction the contribution of vector meson exchanges . 

The t - distribution for the same process , can be studied i nserting 

expression (2 . 3) 1n (3 .1) , and the result 1S 

( + ) 

(++ ) 

do 
dt 

= 2M g~ s~ 
A (s ,ni , M ) 

1 
x ;;:z 

m 

2 . 19 

I2 .13 

~ 

2 
3 

(4.2) 

+ B 

It is clear however that the best reaction for this purpose, would be 
+ n D+Tr0pp . 

Private communication of G. Giacomelli . 

• • 
1 ~ 
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. + % ++ 
,,,here s I refers to the reactlon K p-+Ko t, , with the proton of the 

deuteron at rest, and ~~ IK+P+KO%t,++ = 14.56 e 5 . 71t mb/(GeV/c)2 

(Flaminio, UCRL K+N); H is the normalization factor for the Hulthen 

wave function. Fl2 is the partial wave transition amplitude for the 

NN->t,N in the 1=1 channel (T12 = 8,,1S 14" Fl2 Y~ (n)). 

The background B includes the impulse approximation and the ordinary 

final state interaction considered in Alberi et al . (1976). The 

interferences are neglected here because the D-wave spin singlet part 

of these terms, which can interfere, is only a small part of B. 

The background (dashed line) and the result of (4 . 2) , are glven 

ln Figure 6, where the parameters of the t,N interaction at low energy 

are 

The other parameters 

B22 = 1.32 F 

- 5 All = -1.80224 (GeV/c) 

AI2=(·438r)3 

BII = 2.76819 (GeV/c)3 are 

determined using the N-N phase shift analysis for 1 = 2 and S = O. The 

width of the 6 is assumed to be r = 10 MeV. Trials "ith the experimental 

width of the t, , have shown that it is impossible to get results, compa­

rable with experiment uSlng reasonable values for the t,N scattering length. 

This could be understood, representing the propagation of the t, in coordi­

nate space elnr-yr where y~r : the finite width of the 6 means that before 

interacting the t, could decay and result in aN" N state . However, if the" 

is virtually absorbed by the other nucleon, this does not amount to an ab­

sorption from the final channel NN. Since this probability is quite high 

in that region, as shown by Riska et al.(1976) for a strictly related pro­

cess, it is plausible that also the effective width in the treatment is 

very small. 

The invariant mass distribution of the two protons in the final state 

for the reaction pD -> npp (Aladashvili et al. 1976) shows a peak around the 

threshold for the liN channel. This was interpreted ln our previous 'mrk 

(Alberi and Baldracchini, 1976), with the presence of a virtual Ml state 

in S-wave but no serious attempt was done to fit the data both in form 

and in absolute value. Here we do that, using the formulas (2.3), (2.7) 

and (2.12) to get: 

. ... 
1 ... 



do 
d ml2 

J
.15 1 

x dlthj 
t -l 
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mf2'l sj(sJ-4m2) 

A(sab ,m~, M2) 

zmax 

J 
(1+3 cos2e) d 

-1 

5 
b 

2 
3 

x 

(4.2) 

+ B' 

the upper limit for the cose integration 1S determined by the lower limit 

for p, and it 1S 
s 

z = (y(t)'lo - so( · 3))/(x(t)'l0) 
max 

being ps> . 3 GeV/c . We extrapolate the value of ~~ I ++ from 2 . 8 GeV/c 

(NN and ND Interactions) down to 1. 65 GeV /c , using t~g+~@aling la" 

'lfS ~~ = const valid for any particle exchange ; this law ;ras checked 

in the region above 2 . 8 GeV/c . The result is 

dol = 272 ell . 8tmb/(Gev/c)2 
dt ++ 

pp-+nll 

The r esult of C4 . 3) are compared ;ri th experiment in Fig. 7 a). 50th 
. ++. . 

IT and p exchange are used to describe t he react10n pp-+nll , w1th the P1lk-
2 

uhn ansatz for the pNll coupling (2 .14) being g4'"1f
Nll = . 35 (Riska et a1. ) 

a nd being the form factor F(t) in (B . 3) e'lual to e
6t

; this corresponds 

to SUbstitute (2.16) to 5/6 ~~I ++, in (4 . 3) . A reasonable guess for 
~p->nll 

the background B' is done , cons1stently with experimental data: a real 

calculation of B' would not improve 'lualitatively 

parameters are the same as used for the reaction 

the situation. 
+ 0:1: K D+K pp. The 

The llN 

dashed 

line is obtained using formula (4 . 3) as it is, which corresponds to assume 
. ++ 

that the react10n pp+nll occurs V1a IT - meson exchange only . 

In Fig . 7b) the Joynson couplig for pNll is tried . The dashed line 

1S the 

tering 

result for 
'I' 

length. 

A22 = 16 F, which shows the sensitivity to the llN scat-

From the comparison between Figures 7a) and 7b) we realize that the 

result is 'luite sensitive to the form of the pNll coupling, but it is also 

sensitive to the value of the llN scattering length. We can conclude also 

that to take in account p- exchange, gives a suppreSS10n 1n the effect , 

'I' The results are insensitive to A12 , B22' For biS changes of A12 , they 
become very small . 
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smaller 1n 7a) and larger in 7b). This suppression could explain the sy­

stematic overevaluation of the effect by the simple probabilistic model 

of Alberi et al. (1976) (Fig . 17) in the charge exchange reactions like 
+ 

IT D~opp, where the vector meson exchange is dominant. 

It is worth mentioning here that we cannot describe the ;Thole mass 

spectrum with our model, because the effective range expansion is valid 

only around the 6N threshold. 

Let us consider now the spectator distribution where the anomaly 

was first discovered (Alberi et al. 1976). This di stribution is very 

important from the practical point of view, because it provides and easy 

way to check the validity of the spectator model: to avoid the complication 

of the high momentum tail , the neutron cross section was extracted , using 

only the events with Ps ~ . 25 GeV/c. In this.procedure it wa s implicitly 

assumed that the dominant phenomenon at high momenta, gives a negligible 

contributi on for a ~ p ~ .25 GeV/c. 
s 

The kinematics of the spectator distribution 1S discussed 1n Sect. 3. 

The complete formula for the reaction pD+npp is 

where 

do 
dp 

s 

M = -~"'2-"2';3-IT""3 

do 
dt 

min x+, x(t=- .l) 

J ~ [IT I 2 

max(x-,x(tmin)) 

2 I IjJ (s) 
an+cp 

i /if is) ? 1i3 
3 Zm6!'? 

Ida 
ldi I I dol 1:1 dt ++~s )Re 

an-+cp ap-+c!J. 
x 

x ~ (1+3 cos 2e) J 

2 

do I H 
dt 21fT ++ 

an-+c!J. 

. ... 
1 v 

2 
IY(a)-Y( S)[2 x IF1 2 1 

(4 . 4) 
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The numerical outcome of this expression is compared in Fig. 8 "lith 

the data of Aladashvili et al. (1977) for the spectator distribution ,.,ith 

It I s .1(GeV/c)2 Our theoretical curve is normalized to the experimental 

points at p = . 05 GeV/c; the modification of the spectator model predictions 
s 

due t o normal final state interactions were studied in the above quoted paper 

and amounts at most to 10% corrections. The effect of the peak in the inva­

riant mass of the two protons, is resulting in enhancement at high momenta, 

because of kinematical reasons high momenta correspond to high invariant 

masses of the two protons, as shown in the Dalitz plot of Fig. 9. 

The dominance of this phenomenon at high momenta of the spectator, 

seems true also for other 10 react ions studied by Alberi et al. (1976): 

indeed the relative importance of the effect was explained by the relative 

strength of the 6 production on nucleon. 

5. - GENERAL DISCUSSION 

The general idea of this paper is to interpret the bump in . the invariant 

mass of the two protons in the charge exchange reactions on deutero~ as final 

state interaction of the two nucleons with an intermediate 6. This inter­

pretation would be consistent with the analysis (Satoh et al.) of the analogous 

phenomenon for the Ap channel in the deuteron break up induced by medium 

energy K. 

This approach is not inconsistent with the approach of Poster et al. 

where in the hypothesis of pure n-exchange, one uses for the coupling of the 

n to the deuteron, the data f or the reaction n+D+pp. This idea was 

exploited in Aladashvili et al.(1977)g~ving reasonable agreement with 

experimental data, for the reaction pD+n pp. In this treatment one implicitly 

assumes that the p coupling to the deuteron is 0, as it would be for our 

model in the Joynson coupling. On the other side this conclusion 1S difficult 

to accept, on the basis that the high momentum tail is present also for 

reactions like n+D+n°pp where the p exchange is very important (Alberi et al. 

1976). Actually these reactions could be useful to extract, using the Poster 

method, the p- coupling to the deuteron. 

16 
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The current theoretical treatment for a( T'+ D-+pp) (Green and lIiskanen, 

Riska et al. 1976) using the meson exchange approach for weak and electro­

magnetic interactions, is a possible alternative to our approach. This 

approach is much more complicated, but it has the advantage of being able 

to calculate more carefully the effect 1n the l ow mass region. Indeed there 

1S a relativistic effect, Seagull term , which is not taken in account ln a 

non-relativistic scattering theory and is important at low masses (Riska 

and Brown) . The global effect was calculated already by Hosconi and Ricci 

for electron disintegration of the deuteron: it turns out to be additive 

to the spectator part and of the order of 2% at small momentum transfers. 

The calculation for the hadron charge exchange case, is in preparation and 

will be published in the next future . 

With our approach, however, we have gained physical understanding of 

an exotic final scattering state occurring at 300 MeV C.M. kinetic energy 

of the two proton and we have related it to the high momentum tail of the 

spectator distribution. The "energy" of this virtual state can be determined 

by the comparison with experimental data. The parameters are clearly useful 

to study the same state in the 611 channel: this could be done for the state 

seen in the reaction y 4He+611(1I11) (Argan et al.); here an I = 2 part is not 

excluded, but since we know how much is in I = 1 state, one could use our 

approach to extract information on the I = 2 sector. 
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FIGURE CAPTIONS 

Fig. 1 - Diagram for nucleon- nucleon final state interaction with ~-N 

intermediate state . 

Fig . 2 - Spin notation. 

Fig . 3 - Isospin notation. 

Fig. 4 - Kinematical var iabl es in deuter on break- up process . 

Fig. 5 - Angular di stribution of one r ecoil proton in the 2 proton C.M., 
+ 1: for the process K D+Ko pp at 2 GeV!c . The data are taken from 

the preprint of Poster et al. The theoretical curve is the simple 

expression (1+3 cos 2 e) form (4 .1 ) , normalized on the data. 

Fig . 6 - The t distribution for 2.13 

K+D ... KO"'pp at 2 GeV!c . The 

~ M ~ 2 .19 GeV for the process pp 
dashed line i s the background . 

Fir . 7 - The mass distribution of the two protons in the process pD+n pp 

at 1 . 65 GeV!c. The data are from Aladashvi li et al. (1976) . The 

curves are obtained using (4 . 3) . The dashed line in (a) corresponds 

to pure (4 . 3) , the sol i d line to a rr+p exchange using Pilkhun 

ansatz for the vector coupling. In (b) the Joynson ansatz is 

used and the dashed line correspond .3 

~N scattering length. 

to a larger value of the 

Fig. 8 - The spectator distribution for pD -r n pp at 1 . 65 GeV!c . The data 

are from Aladashvili et al. (1976) . The solid curve is the complete 

theory (4 . 4). The dashed curve is the spectator model . 

Fig. 9 - The Dalitz plot p - M 
s pp 

area the cross section 

(x - x is small). 
+ 

for pD.., n pp at 1 . 65 GeV!c. In the smoked 

is suppressed for kinematical reasons 

lE: 
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APPENDIX A 

Expression (2.2) can be computed more carefully than in the maIn text, 

taking in account the angular dependence of the lower vertex of Tl 

= A 
1 

'-t--m=""2 - B 
e 

(A.l) 

(m is the mass of the exchanged particle) B depends on the spin projections 
e 

s' S (See Fig. 2). The expression of the triangular diagram is therefore 
z' z 

where 

I(S s')= Jd
3n 

z' z m 

IN A 1 
"-t"""'-'""m""2 -

e 
I(S ,s' ) Tz z z 

(A. 2) 

In the definitions of the Rarita-Schwinger spinor, the polarization vector 

IS the rotated version of the definition, of Sect. 2c 

_sin~'+i cos$'cose t 

(+1)= 1 ~cos~'+i sin~'cos6' 
E

I1
,- 12 . 

-1 sin 8" 

o 

being ~',6' the polar angles of 

E (0) = 
~ 

noc.os~ ' 

nosin~' 

nocos 8 ' 

n 

-;. -;. 

n, In a system with 6 as z axIS. 

For a pseudoscalar exchange the lower vertex is (Jackson and Pilkuhn) 

B(S ,s)= 
p z z 

u (S) P u(s' ) 
~ z ~ z 

(A. 3) 

where P is the nucleon momentum. The matrix elements are, neglecting terms 
2 2 

of the order n ,D ,n6, small compared to square masses 
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B (±3/2 , ±1/2) 
G'" ( - it,) sine ' /g '" p = ~ 

B (±3/2 , +1/2) = 0 p 

B (±l/2 , ±1/2 ~ 1 /2C (2nno+nt,o - nocose') p ~ 
~ mt, 1 ""3 

Bp (±l/2 ,:;:1/2 ) '" G* 
( - i) A = t, s i ne ' 6 

~ 

where 

For a vector meson exchange 

B (8 , s ' ) = iT (8) fLGl g _ .J!.2- t, y l y u(s ' ) 
v z z ~ z ~v m+mt, ~ vJ 5 Z 

where the v i ndex is' saturated with the pol arization vector of the 

excha.nged vector meson . In the Game approx imat i on as a bove 

B)±3/2 , ±l/2) 

B (±3/2 , 'fl/2) v 

,,_ i sin.€J ' 
± he 

+ 
G2 

m+m 

sin B' 
hc 

B) ±l/2 , ±l/2) ~ 
sint6 ' 
-~ 

G2 +--
m+mt, 

( - t,c 6 ) ) 
v3 

/Gl ~T) (1+cose ' )( - ig l v+g2v ) 

( iS l v±i 62v ) ( - it,C) 1 

( Gl B; (1- cose ' )(ig2V+g2v) 

( 61 v±i iS2v ) (-it,.C)l 

:!: m \ /~ t Gl nog3v cos,6' (B ncos8' - Dt,) 

G2 

2i 

(A. 4) 

(A . 5) 



B (±1/2,+1/2) ~ v 
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+. sine ' 
_1 16c 

+ 

Both in expreSS10ns (A.4) and (A . 6) , also terms in sin$ ', cos$ ', 

sin$ ' cos$' are neglected , because they vanish in the $ ' integration . 

The terms sin2$ ' cos 2$ ' are r eplaced with 1/2 , being their integral n 

80 these terms can be just inserted in (A . 2) for integration . 

If the nucleon momentum is equal to O,(; , no) becomes (t , ~o) and 

looking at expr essions (A . 4),(A.6) , one realizes that only few matrix 

elements survive as indicated in (2.11) and (2 . l5) .For the coupling (2.16) 

B' (8 s' ) = -2 G U (S ) E ~ 
V z' z ~ z \vk~ v nk 

u (s ' ) 
z 

i~ ' . Most of the matrix elements contain a factor e , Wh1Ch cancels in 

the integr ation . Therefore we are left with 

B' (+1/2,±1/2) = ± 
v 

2 2 
~ sin S ' 

m~ 
( n~- rf) (A . 8) 

In the limit P = 0, also this matrix element is ° and one obtains (2 .17) . 

APPENDIX B 

The n- meson exchange amplitude for the reaction N Nb+N ~ 1S 
a c 

(B . ll 

where b\ is the four momentum of the nucleon and F(t) is the form factor 

which takes in account of the absorption effect in the final state. 

Calculating the average on the init i al and sum on final spin states, we 

obtain 
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2 
= Tr [( ;i-m)( i +mU Tr ( (i\+m)(~+~) E IT I 

P 

1 [ 2 3" b>. b ::z ~ mt 
tl~ 

1 tl - g - Y Y + -
>. ~>. ~ >. rnA (y l'~- Y ~ tl>.)] } 

32 (b tl) 2 2 
= (a·c - m2)(b ll+mm

tl
) ( - b ) 

3 mZ 
tl 

(B. 2) 

The n- meson exchange contr ibution to the differential cross section 1S 

do 
ip 

1. EIT 12 ~2 cf G'''2 b2 11 
4 E tl = 64 n s '12 = ( t) 4n 

-- x 
6~2 s '12 (B. 3) dt 411 

2 
x ( - t)( (m+mtl ) - t) 

where btl 1S the 3- momentum of the nucleon b in the rest system of the tl . 



a 
c 

T 

FIG . 1 

(3/2 , 8 ) 
Z 

(1/2 , 8 ' ) 
z 

(2 ,11' ) 

I 

(l , M) 
(1/2 , 8 ) z 

FIG . 2 



(1/2 , t ' 1 
z· 

s 

(l, T ) 
Z 

(3/2 T' ) , z 

(1/2 , t ) 
z 

FIG . 3 

FIG . 4 

(1 , T ) 
z 

l!l12 



,; 
CIJ 

z 

60 

40 

20 

o 
o .2 .4 .6 .8 

cos e 

Fig . 5 

2':' 



2.13 ~ Mpp ~ 2.19 

'N' 10-1 t+ +, t + ~ 
~ 
l') 

T 
~ 

t ! "'" .JJ 

f t E 

t ~ '"', ( \. - I "-
-0 I " 
't;-- 10-2 

j 
-0 

.2 .4 .6 .8 1.0 1.2 1.4 1.6 

Fig . 6 

2t 



6 ,.. 
I \ 
I \ 

~ 
I \ 
I \ 

-Z \ 
..a \ 
::I.. \ - \ 4 

C \ 

~ 

I 
\ 

b \ 

" \ 
\ 

2 

I 
0 

100 200 300 400 

Q = Mpp - 2 m (MeV) 

Fig. 70 



6 

~ 

-z 
.D 
:l... - 4 

0 ,... 
~ 

I 
I \ 

\ b I 
" / ,-

2 

I I 
0 

100 200 300 400 

Q = Mpp - 2m (MeV) 

Fig. 7b 



'" 10
2 

III I -c I I :> 

>-
~ 

0 
~ -.D 
~ 

0 \ 

c:: \ 

~ 
\ 

10
1 \ 

b \ 
-u \ 

\ 
\ 
\ 
\ 
\ 

\ 
\ 

\ 
\ 

\ 

1 

0 .1 .2 .3 .4 .5 .6 .7 .8 

Ps (GeV/c) 

Fig. 8 

3': 



o 
o 
"<t 
N 

o 
o 
M 
N 

~ 
~ 

o 0-o 0-

1111111111111111111111111111 ·· ---...., ~ ~ 
o 
o 
N 

o 
o 

" 0 
.:: N 




